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[001] This application claims the benefit of priority to U.S. Provisional 
AppUcation No. 60/417,793, filed on October 11, 2002, the disclosure of which is 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention 

[002J The present invention relates generally to optical communication systems. 
In particular, the invention relates to optical multiplexer/demultiplexer systems that 
utilize interference filters. 



2. Background Technology 

[003] It is generally understood that one way to expand the bandwidth of an 
existing optical fiber is to multiplex many optical signals having slightly different 
wavelengths into the fiber. Complete wavelength-division multiplexer systems are 
often composed of simpler multiplexers having two or more optical input signals, each 

O § «; 5 of which may or may not be multiplexed, and a single output optical signal that 
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6 I H 5 S g combines the optical input signals. Similarly, complete demultiplexer systems are often 

< 1 1 ^ H ^ composed of simpler demultiplexers. The simplest multiplexer has two inputs and one 
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^ g S S output optical signal, while the simplest demultiplexer consists of one input and two 



output optical signals. 

[004] There are performance expectations of wavelength-division multiplexers and 
demultiplexers that must be considered in their design. First, the devices are expected 
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to work in the presence of frequency drift in the carrier frequencies. For example, the 
International Telecommunication Union (ITU) has estabhshed standards for the 
frequencies to be used in WDM devices. One standard includes carrier frequencies 
spaced 100 GHz apart, centered around 194.100 THz. However, the actual frequency 
of the carrier may drift by as much as 25 GHz. It is therefore required of a WDM 
device that it work effectively over a passband of 50 to 60 GHz for each channel. 
[0051 Another requirement is that when demultiplexed, the energy of other 
channels should be essentially eliminated from a given channel. This is measured by 
the isolation figure of merit and it typically must be better than -30 dB (0.1%). Because 
of the nature in which simple demultiplexers are combined to make complete 
demultiplexers, this figure of merit usually appUes to each component as well as to the 
entire system. The isolation should be achieved across the entire passband of each of 
the other channels. 

[0061 Insert loss is the measure of how much energy remains in the output of a 
device relative to the input. For demultiplexers and multiplexers this should be better 
than -6 dB (25% retention) and preferably better than -3dB (50%). Because simple 
multiplexers or demultiplexers are cascaded together, the insertion loss must be much 
i z = better for a simple device than for the complete system. The exact value depends on the 

P § 5 g i 1 architecttire of the composite multiplexer, which will be discussed below. 
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^ i i 3 1 S r0071 Return loss measures the amount of energy that reflects from the device back 
into the input channel. Because the effects of this reflected energy might disrupt 
performance in upstream devices, the return loss must be extremely low. Typical 
values of -40 dB (0.01%) are expected. To guarantee system-level compliance, simple 
multiplexers and demultiplexers must attain this degree of return loss also. 
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[008] There are many ways to achieve wavelength-division multiplexing and 
demuhiplexing. Methods include the use of diffraction gratings, Bragg (volume) 
gratings, and Mach-Zehnder interferometers. Each of these approaches relies on 
interference physics to separate the very closely spaced frequencies. 
[009] Another interference technique involves the use of etalons and muUilayer 
optical interference filters. An etalon consists of two parallel reflecting surfaces and a 
cavity between them of a very precise length. The etalon transmits an optical frequency 
only if the cavity length is approximately an integer muUiple of one-half of the 
corresponding wavelength. Other frequencies are reflected from the etalon. It should 
be noted that an etalon has many transmission peaks and the distance between these 
peaks when measured in frequency is called the free spectral range, which is inversely 
proportional to both the cavity length of the etalon and the index of refraction of the 
material inside the cavity. The passband and isolation of an etalon are a fimction of the 
reflectivity of the reflecting surfaces. For applications requiring very narrow passbands 
and very high isolation, such as spectroscopy, etalons are an ideal device. 
Unfortunately, simple etalons are not well suited to WDM applications. Etalons with 
sufficient isolation of the reflected channels do not provide sufficient passbands for the 
transmitted channels. Conversely, etalons with sufficient passbands do not provide 
sufficient isolation from the unwanted frequencies. 

[010] Use of multilayer interference filters is a way of overcoming this problem. 
Essentially, multilayer interference filters aro cascaded etalon structures. By cascading 
many etalons, it is possible to achieve both high isolation and sufficient passbands. 
Multilayer filters, often called stacks, sometimes consist of one himdred or more layers 
of ahemating materials having differing indices of refraction. The interface between 
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any two layers serves as a reflector and the composite effect of many weak etalons is a 
filter with relatively wide passbands and high isolation. They are therefore good 
candidates for WDM devices. 

[01 11 However, there are practical considerations of multilayer interference filters 
that must be considered in the design of WDM devices that incorporate them. First, a 
single optical filter, by itself, will produce unacceptable isolation or return loss. 
Consider a typical optical filter that transmits -0.04 dB (99.08%) of the energy in the 
frequencies intended to be transmitted (hereinafter the even-parity firequencies) and 
reflects -0.0004 dB (99.9908%) of the energy in the fi-equencies intended to be reflected 
(hereinafter the odd-parity fi-equencies). The insertion loss requirements are clearly met 
by this filter for both subsets of firequencies. Considering for the moment the 
demultiplexing case, the isolation of the odd-parity fi-equencies firom the even-parity 
fi-equencies is -40dB, which is quite acceptable. However, the isolation of the even- 
parity frequencies from the odd-parity frequencies is only -20dB, which is not 
acceptable, hi the case of multiplexing, these numbers correspond to the return loss and 
are equally unacceptable. This performance is typical of optical interference filters and 
must be compensated for in a practical multiplexing or demultiplexing device. 
S z = 10121 Another practical concern is that the frequency response of an optical 
P i 5 i 1 i interference filter is dependent on the incident angle. For polarization reasons, optical 
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5 i i S I B filters are best designed for noimal incidence. The free spectral range of the optical 
filter is inversely proportional to the incident angle. Assuming that the maximal 
allowable shift of the transmission peak of off-axis components is 10 GHz, the 
maximum allowable angular deviation is approximately 1 minute for typical WDM 
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frequencies. This imparts a serious constraint on the planarity and parallelism of the 
layers of an optical interference filter. 

[013] The angular constraints imposed by the optical filter also lead to limitations 
on the degree of miniaturization that can be achieved. Assuming that the incident beam 
is a coUimated Gaussian beam, the divergence angle of the beam is inversely 
proportional to the beam width. For a divergence angle of 1 minute, the beam diameter 
must be approximately 5 mm. This assumes that there are no other sources of angular 
divergence, which in practice may not hold. In practice the beam may be 10 mm or 
larger to account for other sources of angular deviation. 

[014] The chromatic dispersion (the fi-equency-dependence of the index of 
refraction) of potential materials to be used in optical interference filters must also be 
considered. Consider an optical filter designed to have a transmission peak at the 
central frequency of the ITU frequency grid. This frequency is an integer multiple of 
the free spectral range of the filter. The free specfral range itself is typically an integer 
multiple of the ITU grid spacing so that other transmission peaks will aUgn with the 
grid. However, the free specfral range is inversely related to the index of refraction. It 
therefore follows that the free specfral range is frequency dependent. If the index of 
S z = refraction changes at the exfremes of the communication band, the free specfral range 
P s S ° i 1 will no longer be equal to that of the design, resulting in a shift of the fransmission peak 
5 1 § 3 S B from its intended position on the ITU grid. The tolerances on dispersion are quite tight. 

For a 10 GHz allowable shift over a 5000 GHz communication band, centered at 194 
THz, the dispersion, as measured by the rate of change of the index of refraction, must 
be not greater than 4xl0'*/GHz. This rules out many materials conunonly used in 
optical interference filter designs. 
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[015] In theory it is possible to design an optical filter with very steep transitions 
fi-om reflection to transmission mode, hi practice, there are a limited number of layers 
that can be deposited accurately. As a result, the transition may not be steep enough to 
provide all performance measures. For example, suppose a demultiplexer must provide 
a bandwidth of 50 GHz, measured as the -3 dB transmission point, and -30 dB isolation 
for a communication system with 100 GHz channel spacing. The transition must 
therefore be from -3 dB to -30 dB in a 50 GHz band. This may prove difficult for some 
optical filters. 

[016] It is also possible in theory to design optical filters with an arbitrary free 
spectral range, provided that the fransmission peaks are integer multiples of the free 
spectral range. In practice this is difficult for smaller free spectral ranges since the 
required thickness of each layer is inversely proportional to the free specti^l range. 
Optical filters with a free specfral range of 200 GHz are very difficult to produce since, 
even for high indices of refraction, the corresponding thickness is several hundreds of 
micrometers. It is difficult to produce many repetitive layers of material films to such 
thicknesses while maintaining the necessary planarity and parallehsm required. 
Materials with high indices can reduce the required thickness but are typically too 
dispersive to be used across an entire frequency band. 

[0171 It is also possible to fabricate narrow bandpass filters that have only one 
transmission peak. These are usually constructed with a cascade of etalons with 
differing free specfral ranges. In the bandpass filters there is only one frequency that 
can be integrally divided by the various free specfral ranges. Because these filters 
fimction over a small frequency band, they are not prone to the dispersion limitations 
mentioned above and are therefore easier to fabricate. 
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[018] One conventional way to couple multiplexers and demultiplexers is shown in 
Figure 1 where a series of optical filters 1 through N-1 are arranged in a linear stage. 
When configured as a demultiplexer, the output of each optical filter stage is a single 
frequency optical signal 1 though N-1. This technique for filtering signals is 
disadvantageous because some optical signals must traverse a large number of optical 
filters, compounding the performance requirements of each stage to unreasonable 
levels. 

[019] In another conventional approach, a binary tree structure is used to multiplex 
or demultiplex optical signals. Figure 2 shows the transmission curves in an ITU grid 
for this approach for a series of filters A-0 apphed to the binary tree structure. If it is 
assumed that the optical signals reside on the 100 GHz ITU grid, the first stage has a 
200 GHz free spectral range filter. In a demultiplexer mode, this stage separates every 
other frequency, or altemating frequencies, into the odd-parity or even-parity sets. Each 
subsequent stage has double the free spectral range. 

[020] There are several disadvantages with this approach. First, the requirement of 
the 200 GHz optical filter over the entire communication range hinders practical 
implementations. Second, the 200 GHz free spectral range leads to impractical 
thicknesses for the optical layers. Additionally, the need to fimction over the entire 
spectral range requires materials with very little dispersion. Combining these 
requirements limits the available materials that can be used to produce the optical filter. 
Considering that the optical filter needs to be on the order of 10 mm in diameter, it 
would be very difficult to obtain high yields with limited material choices. 
[021] Accordingly, there is a need for improved multiplexer/demultiplexer devices 
that avoid or overcome the foregoing difficulties. 
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SUMMARY OF THE INVENTION 
1022] The present invention is directed to multiple channel multiplexing and 
demultiplexing systems for use in optical communication systems. The multiplexing 
and demultiplexing systems of the invention are particularly suited for use in 
wavelength division multiplexing (WDM) systems. 

[023] In one embodiment of the invention, an optical multiplexer/demultiplexer 
system comprises an optical filter, a first optical isolator in optical communication with 
one side of the optical filter, a second optical isolator in optical communication with an 
opposite side of the optical filter, and a light disposer in optical communication with the 
first optical isolator. 

[0241 In a method of multiplexing optical signals according to the invention, even- 
parity optical signal channels are introduced to a first side of an optical filter through a 
first optical isolator, and one or more of the even-parity optical signal channels are 
transmitted through the optical filter. Odd-parity optical signal chamiels are introduced 
to an opposite side of the optical filter through a second optical isolator. One or more of 
the odd-parity optical signal channels are reflected fi-om the optical filter back to the 
second optical isolator. The reflected odd-parity optical signal channels are combined 
with the transmitted even-parity optical signal channels at a multiplexed output. 
[025] In another embodiment of the invention, an optical 
multiplexer/demultiplexer system comprises a first optical filter, a first optical isolator 
in optical communication with the first optical filter, a second optical isolator in optical 
communication with the first optical isolator, a second optical filter in optical 
communication with the second optical isolator, and a light disposer in optical 
communication with the second optical isolator. 
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[026] In a method of demultiplexing optical signals according to the invention, 
multiplexed optical signals are introduced to a first optical filter through a first optical 
isolator, and one or more even-parity optical signal channels are transmitted through the 
first optical filter. One or more odd-parity optical signal channels are reflected fi-om the 
first optical filter back to the first optical isolator. The odd-parity optical signal 
channels are directed to a second optical filter through a second optical isolator, and the 
odd-parity optical signal channels are transmitted tiirough the second optical filter. 
[027] In a method of multiplexing or demultiplexing optical signals according to 
the invention, multiplexed optical signals are introduced into a plurality of optical filters 
arranged in a ti-ee sti^cture, witii the filters having nearly identical firee spectral ranges 
but being shifted in frequency. 

[028] hi a fijrther method of demultiplexing optical signals according to tiie 
invention, multiplexed optical signals are introduced to a first optical filter that 
separates the optical signals into a high fi-equency signal region and a low firequency 
signal region. The high fi-equency signal region is directed to a second optical filter that 
separates the high frequency signal region into high frequency and low frequency 
components. The low frequency signal region is directed to a third optical filter that 
1 1 ^ = separates the low frequency signal region into high frequency and low frequency 

W 2 < o ^ 5C 

P S ^ S2 g components. 

^iisSS 10291 hi another method of demultiplexing optical signals according to the 
invention, multiplexed optical channels are infroduced to one or more boundary filters 
that remove channels that fall within a transition region between fiill transmission and 
fiiU reflection of a fransitional optical filter. The remaining multiplexed optical 
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channels are directed to one or more transitional optical filters that divide the optical 
channels into high frequency and low frequency signal regions. 
[030] Additional systems and methods for multiplexing or demultiplexing are also 
disclosed hereafter. 

[0311 These and other features of the present invention will become more fully 
apparent from the following description and appended claims, or may be learned by the 
practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[032] To further illustrate the above and other features of the present invention, a 
more particular description of the invention will be rendered by reference to specific 
embodiments thereof which are illustrated in the appended drawings. It is appreciated 
that these drawings depict only typical embodiments of the invention and are therefore 
not to be considered limiting of its scope. The invention will be described and 
explained with additional specificity and detail through the use of the accompanying 
drawings in which: 

[033] Figure 1 is a schematic depiction of a conventional demultiplexer system; 
[034] Figure 2 shows the transmission curves in an ITU grid for a series of filters 
in a binary tree structure demultiplexer system; 

[035] Figure 3 is a schematic depiction of a multiplexer system according to one 
embodiment of the invention; 

[0361 Figure 4 is a schematic depiction of a demultiplexer system according to 
another embodiment of the invention; 

[037] Figure 5 is a schematic depiction of a tree structure arrangement for 
muhiplexing or demultiplexing stages; 
O § 0^ S [038] Figure 6 shows the transmission curves in an ITU grid for a series of filters 



applied to the tree structure of Figure 5; 
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5 o 1 3 S o [039] Figure 7 shows the transmission curves in an ITU grid for a series of filters 
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applied to the tree structure of Figure 5 in an alternative approach; 
[040] Figure 8 is a diagrammatic representation of a transitional filtering approach 
for multiplexing or demultiplexing according to the invention; 
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[041] Figure 9 is a schematic depiction of a modified tree structure arrangement 
that allows precise demultiplexing or multiplexing with transitional filters according to 
the invention; and 

[042] Figure 10 shows the transmission curves in an ITU grid for a series of filters 
applied to the modified tree structure arrangement of Figure 9. 
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DETAILED DESCRIPTION OF THE INVENTION 
[043] The present invention is directed to multiple channel multiplexing and 
demultiplexing systems for use in optical communication systems. The multiplexing 
and demultiplexing systems of the invention are particularly suited for use in 
wavelength division multiplexing (WDM) systems. 

[044] A multiplexer or demultiplexer can operate in either or both directions 
depending on the direction of travel of light through the device. An optical 
demultiplexer device demultiplexes, le,, spatially disburses, multiple wavelength Ught 
into separate and different wavelength bands. Similarly, an optical multiplexer 
combines separate wavelength bands into a single multiple wavelength beam of light. 
Although, for simpUcity and convenience, the demultiplexing or muhiplexing 
functionality of a particular embodiment is discussed hereafter, it will be appreciated 
that this is not to be construed as limiting, since such devices may also operate 
respectively as a muhiplexer or demultiplexer when an optical signal is directed through 
the device in an opposite direction. 

[045] Referring now to the drawings, the drawings only show the structures 
necessary to understand the present invention. Figure 3 depicts a 
Q § ^ 5 multiplexer/demultiplexer system 10 according to one embodiment of the invention 
S § H S S ^ which utilizes a filter means such as an optical filter 12, which can be an interference 
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5 o 1 3 S u filter. The system 10 provides compensation for optical filter 12, since an optical filter 

2 i ^ § S s by itself cannot typically achieve the necessary minimum return loss when used as a 
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multiplexer. The system 10 of Figure 3 demonstrates the manner in which this 
deficiency can be compensated. 
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[046] The system 10 has an optical isolation means such as first and second optical 
isolators 14 and 16, and a light disposal means such as a light disposer device 18, which 
are used in conjunction with optical filter 12. hi one preferred embodiment, the optical 
isolation means can be a combination of a polarizing beam splitter and quarter-wave 
plate, which are in optical communication with optical filter 12. Altematively, the 
optical isolation function of the isolation means can be achieved by a device that 
imparts a non-normal incident angle to the input beams. The light disposal means can 
be, for example, a baffle, or a conveyance which directs the Ught away from the system 
in a manner that guarantees it will not contribute to the input or output signals. The 
conveyance can comprise mirrors, lenses, fibers or waveguides, rhombs or other total 
intemal reflectors, other types of optical components, as well as various combinations 
thereof 

[047] During operation of multiplexer system 10, even-parity input optical 
channels 20 are introduced to optical filter 12 through the first optical isolator 14. The 
optical energy 22 in the even-parity channels inadvertently reflected by optical filter 12 
is directed by optical isolator 14 to the hght disposer device 18. The odd-parity input 
optical channels 24 are directed through the second optical isolator 16 to the opposing 
face of optical filter 12. Odd-parity optical energy 25 that is inadvertently transmitted 
through optical fiher 12 is directed by the first optical isolator 14 to the light disposer 
device 18. Odd-parity optical energy 26 reflected by optical filter 12 and even-parity 
optical energy 27 transmitted by optical filter 12 are directed by the second optical 
isolator 16 to a multiplexed output 28 of the multiplexer system. 
[048] Figure 4 depicts a demultiplexer system 40 according to another 
embodiment of the invention. The demultiplexer system 40 provides compensation for 
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an optical filter, since an optical filter by itself cannot typically achieve the necessary 
minimum isolation when used as a demultiplexer. The demultiplexer system 40 in 
Figure 4 demonstrates the manner in which this deficiency can be compensated. 
[049] The demuUiplexer system 40 has an optical isolation means such as first and 
second optical isolators 44 and 46, and a light disposal means such as a light disposer 
device 48, which are used in conjunction with two complimentary optical filters 42 and 
43. The optical isolation means can be a combination of a polarizing beam splitter and 
quarter-wave plate, which are in optical communication with optical filters 42 and 43. 
Altematively, the optical isolation function of the isolation means can be achieved by a 
device that imparts a non-normal incident angle to the input beams. The light disposal 
means can be a baffle or a conveyance that directs light away from the system, such as 
discussed for the embodiment of Figure 3. 

[050] During operation of demultiplexer system 40, multiplexed input optical 
signals 50 are introduced to the first optical filter 42 through the first optical isolator 44. 
The majority of even-parity optical energy 52 is passed through the first optical filter 
42. It is assumed that the amount of odd-parity energy passed through the first optical 
filter 42 is neghgible. The first optical filter 42 reflects some even-parity optical energy 

Pi 

S z = and nearly all of the odd-parity optical energy, which is redirected firom the first optical 
G i H ^ i I isolator 44 to the second optical isolator 46 and into the second optical filter 43. The 
5 § 1 3 S S second optical filter 43 is designed to compliment the first optical filter 42. The second 
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2 i i s 5 optical filter 43 principally transmits the odd-parity signals 54 and reflects the even- 
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parity signals 56. The output of the second optical filter 43 contains nearly all of the 
odd-parity optical energy and a negligible amount of the even-parity energy. Any 
optical energy reflected by the second optical filter 43 is directed by the second optical 
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isolator 46 into the light disposer device 48. Thus, the demultiplexer system 40 
separates the two sets of odd-parity and even-parity optical signals while maintaining 
the necessary isolation between them. 

[051] Figure 5 is a schematic depiction of a tree structure arrangement 100 such as 
a binary tree for multiplexing or demultiplexing stages using optical filters A-0. Such 
an arrangement is an effective tool in efficiently combining or separating 
communication signals. By recursively separating or combining optical signals, each 
signal need only pass through a limited number, log2N, of stages, for N frequencies in 
the entire commxmications band. This approach does require N-1 filters, but each path 
traverses only a limited subset of these. 

[052] Figure 6 shows the transmission curves in an ITU grid for a series of optical 
filters A-0 applied to the tree structure of Figure 5 having nearly identical free spectral 
ranges but shifted in frequency. The smallest free spectral range (FSR) of this 
frequency shifted filtering technique can be much larger than the smallest free spectral 
range of conventional tree-structxire systems, thereby reducing optical fiher fabrication 
constraints. The "shifts" are actually achieved by slightly varying the free spectral 
range of the filters. The transmission window within the communication band 
represents a high-order mode of interference. That is, the center frequency of the 
transmission window is a large integer-multiple of the FSR. Say for example the FSR 
of filter A is 2000 GHz and the center frequency of filter A is 194 THz (1 THz = 1000 
GHz). The mode number is therefore 194/2 = 97. If Filter B is to be "shifted" by 1000 
GHz, then its FSR should be 1989.7 GHz, so that its center frequency is 97*1989.7 
GHz = 193 THz. Thus, the FSRs are "essentially" similar, with negligible effects over 
the communications band. 
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[053] Figure 7 shows the transmission curves in an ITU grid for another approach 
for a series of filters A-0 applied to the tree structure of Figure 5. As a demultiplexer, 
the first optical filter A, which is a half-band filter separates the channels into high 
fi-equency and low fi-equency regions. Subsequent optical filters similarly divide their 
incident fi-equencies into high and low frequency components. The half-band filters are 
simply interference filters with very large FSRs, so that only one transition occurs 
within the communication band of interest. 

[054] Although the first filter A fiinctions across the entire communication band, it 
needs to produce only a single transitional boundary. The problems with dispersion do 
not apply in this case because there is no repetition of the passband across active 
channels. The same case holds true for subsequent filters as the active band to be 
separated is recursively reduced. 

[055] As shown in the diagram of Figure 8, it may prove true that practical 
transitional boundaries cannot precisely separate adjacent channels. However, it is 
practical to design narrow bandpass filters over the transitional region. By first 
separating the channel or channels corresponding to the transition with a boundary filter 
such as a narrow bandpass optical filter, a transitional optical filter can then effectively 
separate the remaining channels. Figure 9 shows an optical multiplexer/demultiplexer 
system 120 in the form of a modified tree structure that allows precise demultiplexing 
or multiplexing with such transitional filters, with the necessary filter transmission 
curves shown in Figure 10 in an ITU grid. Again, the requirements on the filters are 
reduced since the boundary filter needs only to be a narrow bandpass filter and the 
transitional filters need only produce a single transitional boundary. 
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In the embodiment of Figure 9, system 120 comprises a first boundary filter A, a 
first transitional optical filter B in optical communication with boundary filter A, a 
second boundary filter C in optical communication with transitional optical filter B, a 
second transitional optical filter D in optical communication with boundary filter C, and 
a third boundary filter E in optical communication with transitional optical filter B. 
Additional transitional and boimdary filters F-N can also be present in system 120 as 
shown in Figure 9. 

[056] The present invention may be embodied in other specific forms without 
departing firom its spirit or essential characteristics. The described embodiments are to 
be considered in all respects only as illustrative and not restrictive. The scope of the 
invention is, therefore, indicated by the appended claims rather than by the foregoing 
description. All changes which come within the meaning and range of equivalency of 
the claims are to be embraced within their scope. 
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